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Abstract
Purpose – The purpose of this paper is to focus on the production of scaffolds with speciﬁc morphology and mechanical behavior to satisfy speciﬁc
requirements regarding their stiffness, biological interactions and surface structure that can promote cell-cell and cell-matrix interactions though
proper porosity, pore size and interconnectivity.
Design/methodology/approach – This case study was focused on the production of multi-layered hybrid scaffolds made of polycaprolactone and
consisting in supporting grids obtained by Material Extrusion (ME) alternated with electrospun layers. An open source 3D printer was utilized, with a
grain extrusion head that allows the production and distribution of strands on the plate according to the designed geometry. Square grid samples
were observed under optical microscope showing a good interconnectivity and spatial distribution of the pores, while scanning electron microscope
analysis was used to study the electrospun mats morphology.
Findings – A good adhesion between the ME and electrospinning layers was achieved by compression under speciﬁc thermomechanical conditions
obtaining a hybrid three-dimensional scaffold. The mechanical performances of the scaffolds have been analyzed by compression tests, and the
biological characterization was carried out by seeding two different cells phenotypes on each side of the substrates.
Originality/value – The structure of the multi-layered scaffolds demonstrated to play an important role in promoting cell attachment and
proliferation in a 3D culture formation. It is expected that this design will improve the performances of osteochondral scaffolds with a strong
inﬂuence on the required formation of an interface tissue and structure that need to be rebuilt.
Keywords Material extrusion, Electrospinning, Polycaprolactone, Scaffolds, Fused deposition modeling, Hybrid, Morphology
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Introduction
Several techniques have been developed with the aim to
produce three-dimensional substrates and scaffolds suitable for
tissue engineering, both conventional and non-conventional
(Ferraro et al., 2017; Ginestra et al., 2019). One of the main
issues in 3D scaffolds fabrication is the need to mimic the extra
cellular matrix (ECM) closely enough to allow cells growth and
proliferation and to permit the diffusion of nutrients (Sobral
et al., 2011; Gastaldi et al., 2015). The electrospinning (ES)
process has been held as a highly promising technology for
producing nanoﬁbers which mimic the structure of natural
ECM (Agarwal et al., 2008). ES normally results in a ﬁbrous
randomly-oriented structure, which means it cannot be fully
controlled to acquire an ordered morphology and to accurately
form the desired microstructure of the scaffold. In addition, the
electrospun scaffolds show limited mechanical properties
during implantation and tissue regeneration. A limited number
of studies reported the possibility to obtain high aligned ﬁbers
by themodiﬁcation of the collector geometry (Li et al., 2003; Li
et al., 2004) or the optimization of the melt ES writing process
(Wunner et al., 2018). To improve the deﬁciency of mechanical
properties of electrospun ﬁbers, several studies have
demonstrated various blending systems, process parameters
designs, and post-processing treatments (Inverardi et al.,
2018). Furthermore, elctrospinning has been modiﬁed or
combined with various other fabrication methods (Castells-
Sala et al., 2013; Ginestra et al., 2017a; Ginestra et al., 2016).
Among different 3D printing methods, material extrusion
(ME) technologies have been largely used in themanufacturing
of biofunctional scaffolds for tissue engineering. ME has been
extensively studied for scaffolds production thanks to the
possibility to fabricate porous polymeric substrates with a
reproducible structure and customized external and internal
morphology (Zein et al., 2002; Domingos et al., 2009). In fact,
the ﬁnal 3D architecture of the scaffold is determined by the
pattern of the deposited ﬁlament in each single layer (Kundu
et al., 2015; Mota et al., 2011). However, the surfaces are
usually too smooth and the pore size between the strands is still
too large compared to the cell’s dimensions. On the other hand,
electrospun nano ﬁbrous scaffolds present high surface area,
high porosity and interconnected pores of the appropriate size.
However, they are not appropriate for fabricating 3D scaffolds
because of their poor mechanical properties (Ahn et al., 2012).
In this study, with the aim to combine the stiffness and ease of
manufacturing of the ME structure with the good tissue
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engineering capabilities of the electrospuns, a speciﬁc hybrid
structure was produced (Chen et al., 2009; Dalton et al., 2013).
The structure is fabricated through a hybrid method, that
combines ME system and ES, and that could be an efﬁcient
method for fabricating high quality 3D polymeric scaffolds
(Kim et al., 2008; Giannitelli et al., 2015). ME allowed to
obtain rigid supporting layers by depositing, with a predeﬁned
pattern, an extruded ﬁlament of a polymer melt. Afterwards,
the 3D scaffold is built by alternating printed layers and webs of
nanoﬁbers of polycaprolactone (PCL) to obtain a high-quality
scaffold (Liu et al., 2007; Wei and Dong, 2014). Nevertheless,
the main issue connected with the combination of the two
technologies lies in the interaction between two different states
of the material when the same polymer is used in both the
production techniques (Park et al., 2008; Lara-Padilla et al.,
2017; Moroni et al., 2008). More precisely, the direct printing
of the extruded PCL on the top of the electrospun mat causes
the total melting of the ﬁbers in correspondence of the adhesion
site whereas the ES of the ﬁbers on the top of the ME sample
cannot assure a sufﬁcient adhesion of the two layers in
preparation of the cell culture (Martins et al., 2009). To
overcome these limitations, hybrid 3D scaffolds were prepared
by employing a new efﬁcient method to allow the ME and the
electrospun layers adhesion to sustain a co-culture cell
experiment and still maintaining the inherent layer’s
morphologies and structure. To strengthen the potential of this
method for the production of scaffolds characterized by the
same polymer processed with different technologies, the
different types of hybrid scaffolds featuring a different structure
of the ME layers have been compared in terms of their
mechanical properties. The biological outcome of both ME
and hybrid scaffolds has also been evaluated. In particular,
dynamic culture tests have been performed in a bioreactor
allowing a 3D cell culture. Human osteoblasts and equine
chondrocytes were seeded on the two sides of the hybrid
scaffolds to obtain a co-culture in which the two phenotypes
can communicate through the electrospun layers without
migrating on the other side of the scaffolds.
Materials and methods
In this section, the production process leading to the
obtainment and characterization of the hybrid scaffolds is
reported. Poly(« -caprolactone) grains (45,000 g/mol, Sigma
Aldrich) are ﬁrstly electrospun into nanoﬁbers and then
extruded to produce ME square grids with different pore sides,
following previously optimized processes (Ginestra et al.,
2017a; Ceretti et al., 2017). Both the electrospun and extruded
layers’ mechanical properties are therefore analyzed. Thus, the
electrospun and ME layers are combined to obtain the hybrid
structures that are going to be mechanically and biologically
tested. Three replicas of each produced substrate have been
analyzed for the tests described below.
Electrospinning tests
Polycaprolactone was dissolved in Glacial Formic Acid (GFA).
The solutions were prepared as described in (Ginestra et al.,
2017a). Brieﬂy, a solution of 35 per cent of concentration of
PCL was poured into a 10ml syringe, equipped with 21G
needle. The ﬂow rate of the solution was set to be 0.1ml/h
(Fresenius Kabi Injectomat Agilia syringe pump) and a voltage
of 20 kV was applied (GammaHigh Voltage ES20P-5W power
supply). The deposition distance was measured from the
needle tip to the grounded collector top and set at 50mm.
Tests were run for 5min each and then the samples were
observed by scanning electron microscope (SEM). The tests
were repeated three times under the same conditions to check
the system variability based on the diameters of the ﬁbers
deposited on the collector.
ME tests
This study was focused on producing scaffolds with the
Fab@home 3D printer (Figure 1), using a grains extrusion
head, that is able to melt the PCL grains at a ﬁxed temperature
of 80°C allowing ﬁlaments formation and distribution on the
plate according to the designed trajectory (Ceretti et al., 2017).
The head movement in XY axes directions was changed to
deﬁne the dimension of the pores (in terms of the square side
length) while the vertical movement (z-axis) of the head
between the depositions of each layer was ﬁxed (Path Height)
to assure a proper deposition of the ﬁlament on consecutives
layers. Table I illustrates the combination of parameters used in
theME samples production:
Hybrid scaffolds
The hybrid scaffolds have been obtained by the adhesion
between the electrospun mats and the ME samples. The ME
samples with four layers were chosen to be combined with the
electrospun layers and produce the hybrid scaffolds. In this
way, a proper comparison between the ME samples with 8
layers and the hybrid scaffolds can be performed. The central
portion of the electrospun deposition area was removed from
the collector and cut to form square specimens with an overall
length of 10mm. In particular, the ME with four layers/
electrospun PCL/ME with 4 layers’ structures were joined
together by the application of a moderate force (4N) at the
onset of the PCL melting (58°C). This was performed by
Figure 1 The Fab@home extruder machine
Table I Summary of the process parameters used with the fab@home
printer
Layers # Path Height (PH) (mm) Pore Side (PS) (mm)
4 0.3 0.3-0.4-0.6-0.8-1
8 0.3 0.3-0.4-0.6-0.8-1
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means of a Dynamic-Mechanical Analyzer (DMA Q800 - TA
INSTRUMENTS) and the samples were left to cool down in
the freezer for about 10min afterwards.
Mechanical tests
To determine the ability of scaffolds to stand compressive
loads via the generation of tensile loads, the mechanical
response of the electrospun layers was evaluated in cyclic
loading-unloading tests carried out at 23°C by means of a
Dynamic-Mechanical Analyzer while the ME and hybrid
systems were subjected to compression tests, carried out at
23°C by means of the Instron 366 electromechanical
dynamometer.
Cyclic loading-unloading tests
The tensile properties of the electrospun PCL (dissolved in
GFA) have been previously analyzed (Ginestra et al., 2017b).
To evaluate the possibility to undergo cyclic deformation
history, electrospun specimens were subjected to tensile
loading-unloading tests. The cyclic tests were performed under
tensile conditions by means of a Dynamic-Mechanical
Analyzer (DMA Q800 - TA INSTRUMENTS) on strips cut
from the central portion of the mat according to the following
geometry: overall length of 30mm and average thickness of
0.5mm and average width of 10mm. The equivalent area of
interest (10 10 mm2) was considered the central part of the
specimen. A nominal value of stress for the electrospun
material was evaluated as the force normalized over the
specimen cross-section (about 10 0.5mm), in order to
properly compare the response of specimens that may present,
due to their production, different width and thickness. Load-
controlled conditions were adopted, and the specimens were
subjected to a cyclic deformation between a maximum and
minimum level of stress for 60 cycles. Three different levels of
maximum stress were explored (1.9MPa; 2.5MPa; 3.0MPa),
while a minimum value of force equal to 0.05N (corresponding
to about 0.08MPa) was set in order to avoid lack of load
control at the end of unloading due to specimen buckling. The
three tests were carried out at different loading rates (absolute
values: 4.5N/mm; 7N/mm; 12N/mm), increasing with the
maximum level of load, so to provide a uniform duration of all
the tests (i.e. 60min).
Compression tests onmaterial extrusion samples
Three specimens with a square section, a width of about
10mm and a thickness depending on the structure of the
speciﬁc material set were considered. The thickness ranged
between about 1.45-1.7mm in the case of the samples
formed by 4 deposited layers and of about 2.4-2.7 (i.e.
almost the double) mm in the case of the samples formed by
8 layers. The specimens were subjected to a compressive
ramp under displacement control at 1mm/min up to large
strain values (maximum compression strain always above
0.5mm/mm).
The followingMEwere tested:
 MEwith 4 deposited layers;
 MEwith 8 deposited layers; and
 Hybrid scaffolds formed by ME with four deposited layers
and eletrospun layers.
The results are reported as compression stress vs.
compression strain curves, where compression stress is the
stress normalized on the overall specimen cross-section
(about 10  10mm), while compression strain is the
crosshead strain normalized on the overall specimen
thickness. This representation although dealing with stress
and strain values closely related to the ME degree of porosity,
was conveniently chosen since allowed an easier comparison
of the various hybrid structures, avoiding effects ascribed to
differences in the hybrid samples’ cross-section.
Biological tests
A co-culture was chosen for the cell culture tests on the
hybrid 3D scaffolds with a ME pore side of 0.6mm and the
ME scaffolds with 8 layers and a pore side of 0.6mm. In
particular, the tests performed on the hybrid scaffolds were
carried out by means of a static initial culture followed by a
3D culture in a bioreactor chamber connected to the
IsmatecVR IP High Precision Multichannel Pump while the
ME samples were subjected only to the initial static culture
test. Human primary osteoblasts (BS PRC 66) were seeded
on one side of the scaffolds and equine primary
chondrocytes (culture of the Zooprophylactic institute of
Lombardy and Emilia-Romagna region) on the other.
Cultures were trypsinized, resuspended as single cells and
seeded at a cellular density of 20,000 cells/cm2.
Concentrated cell suspension was deposited onto each
scaffold and incubated for 45min before ﬁlling the culture
dish with a proper volume of culture medium. The cells were
cultured using Dulbecco’s modiﬁed Eagle’s medium
supplemented with 10 per cent fetal bovine serum, 100 IU/
ml penicillin, 100 mg/ml streptomycin and 2mM L-
glutamine. All cell culture reagents were purchased from
Thermo Fisher Scientiﬁc. Cells were maintained at 37°C in
a saturated humidity atmosphere containing 95 per cent air
and 5 per cent CO2. Before cell seeding, all the scaffolds
were ﬁrstly washed in ethanol (90 per cent) and then in PBS
three times for 10min. The samples were also sterilized
under UV light. After four days of static culture, the hybrid
scaffolds were moved into the bioreactor chamber with
controlled culture medium ﬂow rate of 0.5ml/h (Figure 2).
The samples were tested using optic microscope images for
cell static culture highlighting the full recognition of the
PCL electrospun surface in terms of cellular adhesion and
spreading.
Fluorescent images were generated to evaluate the results
of the dynamic culture tests. The immunoﬂuorescence
staining was carried out with anti-tubulin antibody to
recognize the cells cytoskeletal component. In particular, in
order to verify that the ES layer kept the different kinds of
cultured cells separated, a human speciﬁc antibody, which
do not recognize equine cells, has been used. After ﬁve days,
the scaffolds were ﬁxed for 30min using Fix&Perm Sample
Kit (15min ﬁxation and 15min permeabilization),
incubated for 45min with blocking solution (iBindTM 5X
Buffer Invitrogen), and stained for 1 hour at room
temperature with Monoclonal Anti-Tubulin antibody
(T5168 Sigma-Aldrich) diluted 1:200 in the blocking
solution. After primary antibody incubation, scaffolds have
been washed three times in PBS for 10min. The scaffolds
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were then incubated for 1 hour at room temperature in the
dark with the secondary antibody conjugated with Alexa
FluorVR 488 (Thermo Fisher Scientiﬁc) diluted 1:250 in the
blocking solution. Finally, the scaffolds were stained with
Hoechst 33342 diluted 1:100 in PBS for 5min to highlight
the cellular nuclei.
Results
Fibers diameter
The ﬁber diameter measurements were obtained by using the
program ImageJ (Rasband, 2011). Every image was divided
into smaller sections, to make a total of at least 60 acquired
measurements. SEM analysis results are reported in Figure 3
for three of the electrospunmats.
A randomly oriented nonwoven ﬁber structure is shown.
Table II illustrates the average ﬁber diameter (AD) and the
standard deviation (SD) resulting from the ES tests.
As reported in (Park et al., 2008), the uniformity of the
electrospun ﬁbers plays a crucial role in determining the
repeatability of the experimental conditions. The standard
deviation of the ﬁber’s diameter founded in each sample is
demonstrating that the process can be considered stable
during the deposition of this polymer solution (Table II).
Moreover, the variation between the average diameter
calculated for each repetition of the sample indicates that the
resulting ﬁbrous mat morphology is strongly dependent on
the process parameters. Therefore, the produced electrospun
layers with the selected process parameters have be used for
the fabrication of the hybrid scaffolds.
ME squaremodels
The printed layers are characterized by different pores
dimension (between 0,3 and 1mm), layers number (4 and 8)
and a path height of 0,3mm. The images of Figure 4 show the
differences between some representative scaffolds produced:
The samples with 4 layers have been analyzed to understand
the reproducibility and repeatability of the process (Lara-
Padilla et al., 2017). Brieﬂy, the diameter of the ﬁlaments and
the pore sides were measured and statistically analyzed using
ANOVA in order to identify the process parameters that
signiﬁcantly affect the dimensions and the precision of the ME
scaffolds (p-value0.5). The analysis of the dispersion of the
data concluded that the grains extrusion head assures the
process stability during the extrusion of this polymer by
maintaining the uniformity of the ﬁlament diameter during the
extrusion process.
Hybrid scaffolds
Figure 5 shows the SEM images of the hybrid scaffolds after the
adhesion of the ME and electrospun layers and how the
electrospun ﬁbers are not damaged by the adhesion process as
the partial melting of the mat is located only at the interface
with the ME layer. The hybrid scaffolds were put into a
refrigerator at a temperature of 4°C for other ten min. The
obtained specimens were then featuring the different pore sizes
of theME samples alternated with electrospun layers.
Mechanical cyclic loading tests
The material behavior of the electrospun layers under the three
maximum levels of stress is reported in terms of loading-
unloading curves [Figure 6(a)], strain evolution as a function of
time [Figure 6(b)], and strain amplitude (D« = «max - «min)
measured at each cycle [Figure 6(c)]. Stress and strain values
were calculated as engineering values from the values of force
(F) and displacement (DL) recorded during the tests.
The stress vs strain curves clearly show that under all the
maximum stress level conditions the materials undergo
mechanical hysteresis, which is accompanied by a progressive
shift of the cycle towards higher levels of strain. As expected,
the effect is moderate, but still present for stress below the knee
Figure 2 Example of Hybrid scaffolds in the bioreactor chambers
(1 and 2) connected to the multichannel pump (3), the speed is set
at 35 rpm and the reserve (4) is ﬁlled of 20ml of the culture medium that
is feeding both the chambers
Figure 3 Electrospun mats obtained with the selected process parameters: the image shows three repetition of the same test
Table II Summary of the ﬁber diameter measurements [average diameter
(AD) and standard deviation (SD)] for each repetition
Fiber mat AD (mm) SD (mm)
1 0.246 0.040
2 0.210 0.037
3 0.240 0.038
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Figure 5 SEM images at different magniﬁcation of the hybrid scaffolds after the adhesion process
Figure 4 Image of scaffold by ME with PH = 0,3mm
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point, and it increases with the maximum level of stress. The
continuous shift of the strain to higher values does not attain a
proper steady state during the 60 cycles for all the loading
conditions, but only for the lowest level of maximum stress,
while it seems to approach a steady state value for a higher
number of cycles as the maximum stress increases.
Interestingly, the shape of the hysteresis cycle and the overall
strain variation within the cycle remains practically constant as
the number of cycles increases. These results show that by a
proper adoption of the maximum stress it is possible to obtain a
predictable and constant strain variation, D« , and that a
preliminary cyclic mechanical history, requiring longer times as
the maximum load increases, may be helpful in stabilizing the
average strain level.
Mechanical compression tests
The compression tests results, reported in terms of the
compression stress (i.e. stress over the overall section) vs the
compression strain (i.e. the strain over the overall specimen
thickness), were analyzed and compared in Figure 7(a) and (b),
as the most representative apparent stress vs apparent strain
curve for each material group. In such a representation, the
employ of compression stress/strain is justiﬁed in order to
compare specimen with different cross section and thickness: in
fact, the structure of the ME samples cannot be uniform from
one sample to another. The stress vs. strain curve stiffness (i.e.
the slope of the curve in the linear initial trend) is reported and
the value of the compression stress at a strain equal to 60 per
cent (s60%), was arbitrarily chosen as representative of a highly
compression state of the ME samples. The hybrid scaffolds
were subjected to the same compression tests as described for
the ME samples [Figure 7(c)]. The thickness ranged between
about 2.6 and 3.5mm. The difference between the thickness of
the hybrid and the ME samples with 8 layers is probably due to
the compression stress applied to achieve adhesion between
ME and electrospun layers for the production of the hybrid
scaffolds and suggests that the adhesion process led to a certain
compaction of the ME in the hybrid arrangement. The data
obtained from the compression tests are reported in Table III.
All the curves show the occurrence of a three stage
compression history, as suggested by the three different slopes
of the curves: the early deformation of the structure allows to
evaluate the material stiffness at small strain; this trend is
followed by a reduction of the slope as a probable consequence
of the collapse of the ME structure trough local ﬂexure of the
ME wires, occurring for both system at a compression strain of
about 0.1; ﬁnally, a subsequent increase of the slope is found
after the collapsed structure has approached a more compact
state. The curves show a very similar response for bothME and
hybrid systems, with very similar values of stiffness and only
slight differences in case of the stress at 60 per cent for the two
ME systems with a same pore side. As expected, a decrease of
the system overall stiffness is found as the pore side increases,
and similar decreasing trend is found independently on the
Figure 6 (a) Cyclic stress vs strain curves for the electrospun PCL subjected to loading-unloading tests at various maximum load levels (smax =
1.7MPa, 2.5MPa, 3MPa), where the black curves represent the 30th and 60th cycle; (b) strain evolution as a function of time for the various maximum
load levels; (c) cyclic strain variations,D« , as a function of cycles for the various maximum load levels
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number of the layers of the ME samples [Figure 7(d)]. This
suggests the possibility to easily tune the stiffness of the
structure, and to vary the object structure without signiﬁcant
changes in the overall stiffness. From the compact samples
(pore side 0.6mm) it is more evident the presence of an early
elastic deformation stage corresponding to a compression up to
a level of strain equal to 10 per cent, a subsequent collapse stage
up to a strain equal to 40-50 per cent of compression followed
by a ﬁnal hardening stage. The stress at 60 per cent of
compression is inﬂuenced by the number of the layers of the
ME samples due to an effect of densiﬁcation of the structure
that requires higher levels of stress for the samples consisting of
4 layers with respect to those obtained through 8 deposited
layers. The hybrid scaffolds showed a peculiar mechanical
response due the change of structure caused by the adhesion
process between the ME samples and the ES layer as seen by
comparing themechanical performances of the hybrid scaffolds
with respect to the ME samples. In particular, a lower stiffness
of the hybrid samples compared to the ME samples with the
same number of layers (8) is found and also the collapse stage
of the samples is occurring at lower levels of stresses compared
Figure 7 Compression stress vs. strain curves obtained from the compression tests performed on the ME samples with 4 (a), 8 (b) extruded layers and
on the hybrid scaffolds (c), Stiffness versus pore side average value (d)
Table III Stiffness (E) and normalized force at a strain equal to 60% for
the samples tested under compression
Layers # PS (mm) E (MPa) s60% (MPa)
4 0.3 706 3* 356 1*
4 0.4 676 3* 326 0.8*
4 0.6 426 3* 226 0.6*
4 0.8 346 1* 206 0.2*
4 1 206 2* 176 3*
8 0.3 606 1* 276 0.6*
8 0.4 636 1* 296 0.2*
8 0.6 436 1* 196 0.5*
8 0.8 366 1* 186 0.2*
8 1 256 5* 146 3*
Hybrid 1 0.3 426 14*# 216 8*#
Hybrid 2 0.4 376 4*# 196 3*#
Hybrid 3 0.6 336 2*# 176 0.2*#
Hybrid 4 0.8 206 1*# 76 0.5*#
Hybrid 5 1 136 0.7*# 66 1*#
Note: where * signiﬁes p-value< 0.05 (# Box-Cox transformation)
Hybrid multi-layered scaffolds
Paola Ginestra, Stefano Pandini and Elisabetta Ceretti
Rapid Prototyping Journal
to the ME samples resulting in a softer material with tailored
mechanical properties due to the ﬁnal geometry of the hybrid
structure.
Cell culture tests
The optical microscope images are showing the difference in
terms of cellular adhesion on the samples due to the presence or
the absence of the ES layer between the ME layers. The optical
images were taken after four days of static culture. In particular,
as shown by Figure 8, if the cells are seeded on the ME samples
(8 layers), it is possible to observe the formation of an ECM layer
on the hydrophobic surface of the PCL ﬁlaments resulting in an
only partial colonization of the structure. As a matter of facts, the
cells are not easily visible on the ﬁlaments as the majority of them
remains attached on the bottomof the sample holder.
On the other hand, as shown in Figure 9, the cellular
colonization seems to be highly promoted by the presence of
the ES layer due to its surfacemorphology that is promoting the
cellular attachment and spreading on the entire hybrid
structure. In this case, the number of the cells founded on the
ﬁlaments is strongly increased due to the containment effect
caused by the ES layer.
Immunoﬂuorescence staining
The hybrid scaffolds were mounted onto glass slides and
observed with an inverted ﬂuorescent microscope. As shown by
ﬂuorescence microscopy images (Figure 10) the substrates
sustain both cell adhesion and survival, conﬁrming the
biocompatibility of the material. Moreover, tubulin staining is
positive only on one side of the scaffold (a), showing the
presence of the cytoskeleton of human osteoblasts. Instead, on
the opposite side, the tubulin staining is negative, and only the
equine chondrocytes’ nuclei have been counterstained (b).
Discussion
This case study was focused on the production of multi-layered
hybrid scaffolds consisting of ME and electrospun layers of the
same polymer. The open source 3D printer Fab@home was
used, mounting a grains extrusion head allowing strand
formation and distribution on the plate according to the
designed trajectory. Square grid samples were observed under
optical microscope showing a good interconnectivity and
spatial distribution of the pores. The electrospun mats were
evaluated in terms of ﬁbers diameter under SEM. The
adhesion between the ME and ES layers was achieved by a
DMA compression under speciﬁc thermo-loading conditions
leading to a hybrid three-dimensional scaffold. The obtained
hybrid scaffolds featured the different pore sides of the ME
samples while the electrospun layers were produced with the
same process parameters. The electrospun layers were
mechanically evaluated under tensile loading-unloading tests.
The mechanical response of the ME samples and the hybrid
scaffolds was evaluated in compression tests, carried out at 23°
C bymeans of the Instron 366 electromechanical analyzer. The
hybrid scaffolds showed a peculiar mechanical response due to
the presence of the ES layer put between the ME samples. The
lower stiffness of the hybrid samples compared to the ME
samples with the same total number of layers (8) can be
interpreted on the basis of their modiﬁed morphology and
structure.Moreover, the hybrid samples collapse is occurring at
lower levels of stresses compared to the pure ME samples
resulting in a softer material with tailored mechanical
properties due to the ﬁnal geometry of the hybrid structure.
The different response of neat ME and hybrid scaffold can be
ascribed to the thermomechanical history experience during
layers adhesion of the latter system and to a consequent
different bond between the layers. In fact, the cooling
temperatures between the integration of electrospun ﬁbers with
ME layers have been demonstrated to play an important role on
the mechanical properties of a hybrid scaffold made by two
different polymers (Giannitelli et al., 2015). Here, the same
material has been used and the thermal adhesion between the
differently processed layers inﬂuenced the mechanical
Figure 8 Optical microscope image (5) of the ME samples (8 layers)
after four days of culture in static conditions
Figure 9 Optical microscope image (10) of the hybrid samples after
four days of culture in static conditions
Figure 10 Fluorescent microscopy images of human primary
osteoblasts (a, 20) and equine primary chondrocytes (b, 10) stained
for Tubulin in green, and Hoechst in blue, seeded onto the two sides of
substrate
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performances of the hybrid scaffolds. In particular, the hybrid
structure showed only a partial melting of the electrospun ﬁbers
in correspondence to the ME ﬁlaments without a complete
melting with respect to previous works using the same material
(Giannitelli et al., 2015; Liu et al., 2007). Moreover, here the
electrospun layers showed high porosity with a high degree of
pores interconnection compared to the ﬁbrous mats collected
on the ME structures (Kim et al., 2008). The biological
characterization was carried out to allow a further comparison
between theME samples with 8 layers and the hybrid scaffolds.
In particular, tests performed on the hybrid scaffolds were
carried out by means of a static initial culture followed by a
dynamic 3D culture in a bioreactor chamber while the ME
samples were subjected only to the initial static culture test. A
co-culture was chosen for the dynamic tests, thus human
primary osteoblasts were seeded on one side of the scaffolds
and equine primary chondrocytes on the other. The cellular
colonization seemed to be highly promoted by the presence of
the ES layer due to its surface morphology that promotes the
cellular attachment and spreading on the entire hybrid
structure. In this case, the population of the cells found on the
ﬁlaments is strongly increased due to the containment effect
caused by the ES layer. This containment has been observed
through immunoﬂuorescence analysis using an antibody
speciﬁc for human tubulin not cross-reactive with the equine
one. Tubulin staining was positive only on one side of the
scaffold, showing the presence of the cytoskeleton of human
osteoblasts. On the opposite side, instead, the tubulin staining
was negative, and only the equine chondrocytes nuclei have
been counterstained. The absence of tubulin positive
osteoblasts on one side of the scaffold, shows how the ES layer
kept the two different cell cultures separate, promoting their
colonization only on their side.
Conclusions
The present work shows a new approach for the production of
hybrid 3D scaffolds by using the same material without
damaging the structures fabricated by two different
technologies (ME and elettrospinning). The properties of the
samples produced by each technology have been taken into
account and used to produce a novel structure that can take
advantage of surface, mechanical and chemical properties
derived from the processing of the same material in two
different ways.Moreover, the different structure of each layer is
reported as an advantage for the formation of a proper interface
tissue and not a barrier to the cellular migration during 3D
culture tests. The future work will be oriented on the evaluation
of the effects of the ME pores side on the cellular colonization
and the co-culture proceeding. Moreover, the role of the
produced hybrid scaffold on the formation of a complete
osteochondral tissue will be evaluated as well as the capacity of
the electrospun layer to promote the cellular attachment while
providing the right support to the cellular phenotypes.
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